Studies of structure and mechanism in acetonitrile chemical ionization tandem mass spectrometry of polyunsaturated fatty acid methyl esters  by Van Pelt, Colleen K et al.
Studies of Structure and Mechanism in
Acetonitrile Chemical Ionization Tandem Mass
Spectrometry of Polyunsaturated Fatty Acid
Methyl Esters
Colleen K. Van Pelt*
Division of Nutritional Sciences, Savage Hall, Cornell University, Ithaca, New York, USA
Barry K. Carpenter
Department of Chemistry and Chemical Biology, Baker Laboratory, Cornell University,
Ithaca, New York, USA
J. Thomas Brenna
Division of Nutritional Sciences, Savage Hall, Cornell University, Ithaca, New York, USA
Recently it has been shown that acetonitrile chemical ionization tandem mass spectrometry
(CI-MS/MS) is a rapid, on-line means to determine double bond position in fatty acid methyl
esters (FAME). The mechanism of this gas phase condensation reaction has been studied.
Evidence of the (1-methyleneimino)-1-ethenylium ion (m/z 54), formed upon the reaction of
acetonitrile with itself, adding across the double bond in a [2 1 2] cycloaddition reaction is
observed. When this nascent complex undergoes collision-induced dissociation, two diagnos-
tic ions emerge. One of these ions results from loss of the hydrocarbon end of the FAME,
whereas the other ion results from loss of the methyl ester end, and when considered together,
the diagnostic ions localize the positions of the double bonds in the FAME. Several labeling
and MS/MS/MS experiments on the two diagnostic ions were performed to determine a
plausible fragmentation mechanism of the stable (1-methyleneimino)-1-ethenylium–FAME
complex. The first generation product ions, or diagnostic ions, appear to be formed though a
charge-driven mechanism, whereas the second generation product ions are formed via
charge-remote fragmentations. Plausible mechanisms for the formation and subsequent
dissociation of the diagnostic ions are presented for the monounsaturated, diunsaturated, and
polyunsaturated (3 or more double bonds) FAME. (J Am Soc Mass Spectrom 1999, 10,
1253–1262) © 1999 American Society for Mass Spectrometry
We recently reported a novel method for thelocalization of double bonds in polyunsatu-rated fatty acid methyl esters (FAME) using
acetonitrile chemical ionization tandem mass spectrom-
etry (CI-MS/MS) [1]; the method was simultaneously
reported for monoene FAME by Oldham et al. [2].
Acetonitrile (m/z 41) reacts with itself in an ion trap,
creating an ion of m/z 54, previously identified as
(1-methyleneimino)-1-ethenylium (MIE) [3–9]. The MIE
reagent ion adds across the double bonds of unsatur-
ated FAME to create a superposition of isomers all
having the mass (M 1 54)1. Upon collision-induced
dissociation (CID) of this (M 1 54)1 complex, two
highly reproducible ions are observed, each apparently
arising from a favored reaction channel of distinct
isomers. One of these ions contains the methyl ester end
of the FAME (“a” ions), and the other ion contains the
hydrocarbon end (“v” ions). These diagnostic ions,
resulting from fragmentations about the double bonds,
are highly specific for monounsaturated, diunsaturated,
and polyunsaturated FAME and permit unambiguous
assignment of double bond position.
Others have observed the addition of the MIE ion to
the double bond of a long chain (C23) alkene [9, 10].
Subsequent fragmentation about the double bond local-
ized its position. Moneti et al. proposed a mechanism
where MIE reacted with the double bond of an alkene to
form a 7-membered heterocyclic ring which fragments
via a charge-driven process creating two diagnostic ions
[9]. According to the proposed mechanism these ions
are formed by fragmentation adjacent to the former
double bond and a methylene group in the original MIE
is transferred to the neutral fragment.
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Conventional CI reagents react with analyte to trans-
fer a proton or an electron, and produce an ion of easily
discerned structure. More exotic CI reagents yield ions
of unknown structure. The MIE ion can be represented
as CH2¢C¢N
1¢CH2 but has a number of resonance
structures suggesting various reactivities. All of the C
and N atoms in the reagent ion are activated, with
double bonds and/or charges, and thus the structures
of the (M 1 54)1 ions are not readily apparent, nor are
the structures of the diagnostic fragment ions; the
fragmentation mechanism is necessarily unknown as
well. In addition, there are clear patterns of H transfer
during fragmentation which depend on whether the
analyte is a monoene, diene, or polyene.
In solution, a concerted [2 1 2] cycloaddition mech-
anism between double bonds and linear electrophilic
systems, such as ketenes, allenes, isocyanates, and vinyl
cations, has long been known [11]. For instance, Bartlett
has shown that dichloroketene adds to both 2,4-hexa-
diene and 2-butene forming a four-membered ring
product. In the gas phase, long lived four-membered
ring intermediates have been deduced from isotopic
scrambling in ion/molecule condensation reactions for
allene neutral reacting with allene cations and for other
systems [12–14]. Previous single stage mass spectrom-
etry methods of locating double bond position have
been reported involving reagent ions of structure sim-
ilar to MIE and ion/molecule condensation reactions.
Cationized vinyl methyl ether adds across the double
bond of an alkene to form a cyclobutane intermediate.
For monoenes the intermediate decomposes to yield
two fragments from which double bond location can be
deduced, but these diagnostic ions are not produced
from dienes [15, 16]. Vinylamine reacts via a similar
mechanism involving a [2 1 2] cycloaddition to form a
cyclobutane intermediate, followed by cycloreversion
[17, 18]. These reports suggest an analogous 4-mem-
bered ring intermediate for the (M 1 54)1 ion.
In general, dissociation pathways can involve
charge-driven or charge-remote fragmentation and re-
arrangement. Charge-driven fragmentations represent
the majority of unimolecular ion decompositions de-
scribed in the literature, and can often be discerned by
H/D scrambling. Charge-remote fragmentation mech-
anisms are possible when particular functional groups,
such as carboxylates, sulfates, sulfonates, phosphonium
cations, or ammonium cations, yield a closed-shell,
stable charge, tightly localized at the functional group
[19]. Charge-remote fragmentations are analogous to
gas-phase thermal decomposition of neutral molecules
[20]. Consequently, this type of fragmentation is valu-
able for structure elucidation because double bond
migration does not occur in charge-remote mechanisms
[21]. Charge-remote fragmentations have been ob-
served in many kinds of molecules including prosta-
glandins, fatty acid derivatives, carbohydrates, steroids,
peptides, and surfactants [20], and several types of
these mechanisms are known. For instance, a concerted,
symmetry-allowed, pericyclic, 1,4-H2 elimination was
postulated by Jensen et al. [22] and confirmed by
Cordero and Wesdemiotis using neutralization–reion-
ization mass spectrometry [23]. Another mechanism
was proposed by Wysocki and Ross with a homolytic
C–C cleavage mechanism involving diradical interme-
diates [24], which has been supported by data of
Contado et al. [25]. Claeys et al. have studied alkali
metal-cationized esters and in particular the role of the
alkali metal ion in the fragmentation process [26, 27].
Combinations of charge-driven and charge-remote
fragmentation channels in parallel or series have been
described. Gross has noted that ammonium ions, as
well as protonated amides and phosphonium ions
undergo a combination of charge-remote and charge-
driven processes [28]. Multiple research groups have
observed that several competing charge-remote frag-
mentation pathways exist simultaneously with the
product ion distribution dependent of the initial inter-
nal energy [24, 29]. In MS/MS/MS experiments Whalen
et al. observed first generation product ions from both
mixed-site and charge-remote fragmentations, whereas
second generation ions were formed from a postulated
diradical intermediate [30].
The objectives of the present work were to probe (1)
the structure of the nascent (M 1 54)1 ions resulting
from addition of the MIE ion to unsaturated FAME in
acetonitrile CI-MS, (2) the diagnostic ions resulting
from CID in CI-MS/MS, and (3) the fragmentation
mechanism. Through isotopic labeling studies and MS/
MS/MS experiments, plausible structures, and mecha-
nisms for the formation of diagnostic ions for monoene,
diene, and polyene FAME are proposed.
Experimental
Chemicals
The following FAME were purchased from Sigma Chem-
ical (St. Louis, MO): methyl all-cis-9,12-octadecadienoate,
methyl all-cis-9,12,15-octadecatrienoate, methyl all-
trans-9,12,15-octadecatrienoate, methyl all-cis-6,9,12-oc-
tadecatrienoate, methyl all-cis-5,8,11,14-eicosatetraenoate,
methyl all-cis-7,10,13,16,19-eicosapentaenoate, and methyl
all-cis-4,7,10,13,16,19-docosahexaenoate. BF3 (14%) in
methanol was also acquired from Sigma. The following
fatty acids were obtained from Cayman Chemical (Ann
Arbor, MI): all-cis-9,12-octadecadienoic acid-9,10,12,13-d4,
all-cis-5,8,11,14-eicosatetraenoic acid-5,6,8,9,11,12,14,15-d8,
and 5,8,11,14-eicosatetraynoic acid. 9-cis-Octadecene acid-
11,11,12,12,13,13,14,14,15,15,16,16,17,17,18,18,18 - d17 was a
kind gift of Dr. Athula Attygalle. Acetonitrile and aceto-
nitrile-d3 were purchased from Aldrich Chemical (Mil-
waukee, WI). 2-13C-Acetonitrile was obtained from
Cambridge Isotope Laboratories (Andover, MA). Solvents
were acquired from Fischer Scientific (Pittsburgh, PA).
For convenient reference we use the Miller notation
for designating specific FAME. It is defined as “n:dvz”,
where n is the number of C in the acid, d is the number
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of double bonds, and z is the location of the first double
bond from the terminal methyl group.
The structures for the diagnostic ions were named






17,18,18,18-9 - d17, and 5,8,11,14 - eicosatetraynoic acid
were methylated by the Morrison-Smith method [31].
Briefly, 14% BF3 was allowed to react with the free fatty
acid at 100°C for 2 min. An aliquot of hexane was
added, and then the mixture was set in boiling water for
an additional minute. A few milliliters of a saturated
NaCl solution were added to aid in the separation of the
organic and aqueous layers before the organic layer
containing the methylated fatty acids was removed.
Instrumentation
A tabletop Varian Saturn 2000 ion trap coupled to a
Varian 3400 gas chromatograph (GC) equipped with a
Varian 8200 autoinjector (Varian, Walnut Creek, CA)
was used for all analyses. Ion trap parameters used in
all analyses presented include: trap temperature,
200 °C; manifold temperature, 50 °C; transfer line tem-
perature, 200 °C; axial modulation amplitude, 4.0 V;
scan rate, 1000 ms.
CI-MS/MS
The GC employed a septum-equipped temperature-
programmable injector (SPI) which was initially held at
60 °C for 0.2 min before being ramped to 260 °C at a rate
of 300 °C/min where it was held for 13 min. The SPI
injector was cooled between runs by CO2. The column
was a 60 m SGE (Austin, TX) BPX-70 (0.32 mm i.d., 0.25
mm film thickness). The GC oven temperature was
initially held at 60 °C for 3 min and then ramped at
50 °C/min to 220 °C and held for 7.2 min. The injection
volume was 1 mL, and the column head pressure was
constant at 20 lb/in.2. Typical concentrations of 50
mg/mL gave abundant signal for MS/MS experiments.
Typical resonant excitation amplitudes used to colli-
sionally dissociate the (M 1 54)1 ions are between 1.45
and 1.70 V. Ion trap parameters include: target, 5000;
electron multiplier voltage, 105 gain; mass isolation
window, 3 m/z units; excitation time, 30 ms; isolation
time, 8 ms; bandwidth, 2 kHz; excitation storage level,
85 m/z units; parent prescan ionization type.
Liquid acetonitrile CI reagent was placed in a reser-
voir plumbed directly into the CI inlet leading to the ion
trap. The acetonitrile pressure was adjusted to produce
a ratio of m/z 40 to 42 of approximately 1 to 6. The
selective ejection chemical ionization (SECI) scan mode
parameters were as follows: CI ionization storage level,
m/z 22; reagent ion eject amplitude, 8 V; CI reaction
storage level, m/z 25; CI background mass, m/z 65.
CI-MS/MS/MS
The GC employed a 1078 split/splitless injector
equipped with a modified liner which allowed a con-
tinuous inlet of analyte into the mass spectrometer [32].
The injector was held at 140 °C and was operated in
splitless mode. A 2 m length of 0.25 mm i.d. deactivated
fused silica capillary served as a conduit from the
injector to the ion trap. The GC oven was maintained at
250 °C and the head pressure was kept at 3 lb/in.2.
For MS/MS/MS experiments the following ion trap
parameters were used: fixed ionization time, 2000 ms;
electron multiplier voltage, 105 gain 1 100 V; excitation
time, 20 ms; isolation time, 5 ms; and parent prescan
ionization type. In addition, a bandwidth of 2 kHz and
an excitation storage level of 70 m/z, were used for both
stages of mass spectrometry. A mass isolation window
of 5 m/z units was used for the first stage of mass
spectrometry, and a window of 3 m/z units was used for
the second stage. Resonant excitation amplitudes used
to collisionally dissociate the (M 1 54)1 ions ranged
from 1.7 to 2.1 V, whereas the amplitudes applied to the
diagnostic ions were between 1.4 and 1.7 V. The liquid
CI reagent restrictor was removed to maximize the
amount of CI reagent in the trap, which in turn maxi-
mized the amount of (M 1 54)1 ion. In addition, the
SECI scan mode parameters were modified to optimize
the amount of (M 1 54)1 ion. The parameters were as
follows: CI ionization storage level, m/z 22; reagent ion
eject amplitude, 4 V; CI reaction storage level, m/z 46; CI
background mass, m/z 70.
Results and Discussion
Monoenes
When collisionally dissociated, the (M 1 54)1 ion of
monounsaturated FAME fragments on the remote sides of
the allylic carbons to produce an ion containing the
methyl ester end of the FAME (the a diagnostic ion) and
an ion containing the hydrocarbon end of the FAME (the
v diagnostic ion). It has also been observed that the
diagnostic ions, produced by MS/MS, are 1 u higher than
expected for homolytic cleavage. To determine the origin
of the hydrogen(s) involved in the rearrangement, octade-
cenoic acid methyl ester with full D labeling on the v end
of the molecule starting from C11 (9-cis-octadecene-
11,11,12,12,13,13,14,14,15,15,16,16,17,17,18,18,18 - d17) was
analyzed. For comparison, diagnostic ions of unlabeled
9-cis-octadecenoic acid methyl ester are observed at m/z
208 and 252. The results in Table 1 reveal that the v
diagnostic ion of the labeled FAME appears at m/z 225,
17 u higher than the unlabeled FAME, showing that a
proton from the ester end of the ion was transferred. In
contrast, the a ion appears at m/z 255, 3 u higher than
the unlabeled FAME and 1 u higher than expected for
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the labeled FAME; consequently a D from the hydro-
carbon end of the molecule was transferred to the ion.
The broad range of observations places substantial
constraints on the mechanism by which MIE, m/z 54,
adds to a FAME and induces a specific fragmentation
pattern allowing the position of the double bonds to be
deduced. Because this ion does not add to saturates, we
hypothesize that the reagent ion adds to the FAME in a
manner similar to other condensation ion/molecule
reactions [16–18, 33]. A [2 1 2] cycloaddition reaction is
depicted for a monoene in the first step of Figure 1. We
note that a cycloaddition reaction can proceed with the
MIE ion configured in a mirror image of that shown in
Figure 1, resulting in a structurally unique product,
thus this mechanism predicts that there are two isomers
of the condensation product ion per double bond in the
original FAME. For brevity, reaction schemes are writ-
ten for the a ions only but are understood to apply to v
ions as well.
In the second reaction of Figure 1 the (M 1 54)1 ion
abstracts a hydrogen atom from the hydrocarbon back-
bone followed by rearrangement. This results in cleav-
age one methylene group away from the double bond
creating ethylidyne-[2-(7-methoxycarbonyl-heptyl)-but-
3-enyl]-ammonium, consistent with the mass of the a
diagnostic ion. If the mirror image of the reagent ion
initially attaches across the double bond, cleavage oc-
curs on the other side of the double bond shown in
Figure 1, producing the v diagnostic ion, ethylidyne-(2-
octyl-but-3-enyl)-ammonium. This rearrangement and
charge-driven fragmentation is consistent with all ob-
servations.
In a systematic study of monoene FAME reactions
with MIE, Oldham and Svatosˇ [2] have shown that the
abstracted H is on the C d to the double bond. Figure 1
is written to indicate that the H originates on the g C,
though it might also come from the d C if an additional
hydrogen rearrangement to stabilize the neutral occurs
subsequently.
In order to provide further evidence for the struc-
tures of the diagnostic ions, MS/MS/MS experiments
were carried out separately on both the a and v ions.
Both diagnostic ions produced the same set of product
ions, listed in Table 2. The sole exception is that a ions,
which contain the methyl ester, yield a base peak at [a
Table 1. Summary of results from three deuterium-labeling studies to determine the origin of H rearrangements in diagnostic ions.
In experiment A, methyl 18:1v9 was perdeuterated in positions 11 through 18. Monoene diagnostic ions gain 1 u from the neutral.
The labeled 18:1 produced an v ion of the expected mass, while the a ion was 1 u high, indicating that monoene a and v ion
formation results from abstraction of H from the aliphatic chain distant from the cleavage site. Experiments B and C present results of
D labeling for acetonitrile and double bonds, respectively, in polyene analysis. Polyene a and v diagnostic ions are 1 u lower than
expected. Experiment B is inconclusive due to H/D exchange. The hydrogen lost may or may not originate from the reagent ion. The




























266 / 236 16 / 16c
aExpect 2 D on a fragment, but observe incorporation of 3 D. For v fragment, observe the expected addition of 17 D.
b4 H (D) are added to the analyte with the MIE reagent ion.
c6 H (D) remain with the ion and 2 H (D) are lost with the neutral.
Figure 1. Proposed mechanism for monoene FAME. The reagent
ion, (1-methyleneimino)-1-ethenylium (MIE) adds to the FAME
through a [2 1 2] cycloaddition reaction to yield a (M 1 54)1
complex ion. In the second stage of mass spectrometry, the (M 1
54)1 ion undergoes charge-driven rearrangement and subsequent
cleavage, forming a diagnostic ion. The structure of an a diagnos-
tic ion for 18:1v9 is shown. If the mirror image of the reagent ion
had added across the double bond, the v diagnostic ion would
have been generated.
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ion 2 32] u presumably due to loss of methanol; this
ion was not generated by v ions which contain no O.
Evidence in the MS/MS/MS data for both an alkene
and an alkane ion series suggests the presence of at least
two competing fragmentation pathways. These path-
ways are most likely charge remote in nature because
fragmentation occurs on the alkyl chain and therefore
remote from the stable charge that may be tightly
localized on the N atom. Figure 2 presents plausible
pathways for the a ions involving formation of an
alkene ion from 1,4-H2 elimination, or from a diradical
intermediate. The alkane series can also be explained by
a diradical intermediate. Plausible structures of the
second generation product ions are listed in Figure 2, all
of which are easily derived from the proposed structure
of the diagnostic ions.
Table 2. MS/MS/MS data of the diagnostic ions for monounsaturated FAME 18:1v9
CI reagent Second generation ions (m/z)
Acetonitrile 94 96 108 110 122 136
Acetonitrile-2-13C 96 98 110 112
Acetonitrile-d3 97–100 112–114 126–128
Figure 2. Proposed CI-MS/MS/MS fragmentation mechanisms of the diagnostic ions for the
monoene FAME. Both an alkane and alkene ion series is observed. A charge-remote mechanism forms
the alkene by either (A) a 1,4-H2 elimination or (B) through a diradical intermediate. The alkane ion
series can also be explained through (C) a diradical intermediate. Plausible structures of the second
generation ions observed are shown (D).
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Acetonitrile-2-13C was used as the liquid CI reagent
to analyze 18:1v9 to help confirm the proposed struc-
ture of the diagnostic ion. The labeled MIE at m/z 56 had
the structure 13CH2¢C¢N
1¢13CH2. Table 1 shows that
both ion series increased by 2 u indicating that both 13C
atoms of the MIE reagent ion were incorporated into the
diagnostic ions, as the mechanism predicts. The exper-
iment was repeated with acetonitrile-d3, which created
the reagent ion CD2¢C¢N
1¢CD2. Extensive H/D ex-
change occurred between the FAME and the labeled
MIE; Table 2 lists the range of masses with abundance
above 5% of the base peak for each second generation
ion. It is known that H/D exchange can occur between
the two reactants in a condensation product such as the
MIE–FAME complex due to its long lifetime [34]. In
some cases the number of D atoms added was in excess
of the four D in the reagent ion when acetonitrile-d3 was
used as the reagent gas. This suggests that some H/D
exchange occurred between the analyte ions and the
neutral acetonitrile-d3 reagent gas. Although H/D ex-
change is common in charge-driven mechanisms, it
typically does not occur in charge-remote mechanisms
[21], consistent with the charge-driven character of the
initial reaction proposed in Figure 1.
Dienes
Similar to the monounsaturated FAME case, the diag-
nostic ions for the dienes are also 1 u higher than
expected for homolytic cleavage. The diagnostic ions for
the dienes correspond to cleavage immediately to the
ester side of the first double bond and directly after the
second, counting from the ester end.
Figure 3 depicts the proposed fragmentation mech-
anism of a diene FAME. After cycloaddition, a Cope
rearrangement occurs followed by a retro-ene reaction
where a hydrogen from the hydrocarbon chain is
abstracted, similar to the mechanism for the monoene
hydrocarbon. Finally, a ring closure reaction occurs result-
ing in the formation of a stable nitrogen cation, 7-(7-
methoxycarbonyl - heptyl) - 2 - methyl - 1 - azonia - bicyclo
[4.2.0]octa-1,3-diene predicted for the a diagnostic ion.
The v diagnostic ion resulting from mirror image attack
of MIE on the FAME is 2-methyl-7-pentyl-1-azonia-
bicyclo[4.2.0]octa-1,3-diene. It is worth mentioning that
MS/MS spectra of dienes also show minor peaks typical
of monoene-type cleavages. Consequently, it is likely
that both mechanisms of hydrogen abstraction operate
with one predominating.
In order to confirm the proposed structure of the
diagnostic ions, MS/MS/MS on both of the diagnostic
ions was carried out. CID of the a and v ions produced
identical ions which are listed in Table 3. In contrast to
the monoene case, these spectra show evidence of a
prominent alkene ion series, which could be produced
by either of the two pathways shown in Figure 4. These
pathways are analogous to the two shown in Figure 2A,
B which produce the alkene ion series for the monoene
FAME. The ions m/z 94 and 108 can only be formed by
a 1,4-H2 elimination mechanism because this permits
opening of the 4-membered ring. Subsequent cleavage
via a diradical intermediate either adjacent or a to the N
atom would account for the second generation m/z 94
and 108 ions, respectively, as indicated in Figure 4C.
The proposed structures for all the second generation
product ions observed for the diene FAME case are
shown in Figure 4D. Once again, the proposed structure
of the diagnostic ions accounts for all of the second
generation product ions.
When acetonitrile-2-13C was used as a CI reagent,
producing a MIE ion labeled with two 13C atoms, the
second generation ions were all 2 u higher than for
unlabeled MIE. Therefore, as the proposed structures
indicate, the carbon atoms from the reagent ion are
carried by the diagnostic ions.
D-labeling studies with the diene FAME were inter-
pretable even though there was still evidence of hydro-
gen scrambling. When acetonitrile-d3 was used as the
liquid CI reagent, the second generation product ions all
increased by 4 u which also supports the structure of the
diagnostic ions containing the four H from the original
Figure 3. Proposed mechanism for diene FAME. The m/z 54
reagent ion adds across the double bond in a [2 1 2] cycloaddition
reaction. When collisionally dissociated, the complex undergoes a
Cope rearrangement followed by a retro-ene reaction, causing
cleavage that generates the diagnostic ion. Finally, ring closure
occurs in the last step, stabilizing the diagnostic ion. This charge-
driven scheme produces the a diagnostic ion for 18:2v6. The v
diagnostic ion would be generated by initial condensation of the
mirror image of the reagent ion adding across the other double
bond in the FAME.
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reagent ion. A final experiment involved 18:3v6-d4,
labeled on the double bonds analyzed using unlabeled
acetonitrile. If the structure of the diagnostic ion is
correct, 18:3v6-d4 should cause the second generation
product ion m/z 94 to be increased by 4 u, m/z 108 to be
increased by 3 u, m/z 120 to be increased by 4 u, and m/z
134 to be increased by 3 u. The data displayed in Table
3 show that m/z 124 was unambiguously observed, as
predicted. The other ions were less consistent, explain-
able by H/D exchange.
Polyenes
For FAME containing three or more double bonds, the
diagnostic ions are formed from fragmentation adjacent
to the second double bond from either end. The ob-
served fragmentation is different from monoenes and
dienes as the diagnostic ions lose a hydrogen atom due
apparently to the third double bond, resulting in diag-
nostic ions that are 1 u lower than would be expected
from homolytic cleavage. The hydrogen atom lost dur-
ing production of the diagnostic ions might originate
from (a) a double bond, (b) the MIE ion, or (c) from an
allylic site. Two MS/MS experiments were performed
to probe these possibilities. To test whether double
bond hydrogens are lost, all-cis-20:4v6-d8 was analyzed
with unlabeled acetonitrile. The results in Table 1 show
that the diagnostic ions, both of which contained three
double bonds and therefore six deuterium atoms, were
shifted to 6 u higher mass than those observed with
unlabeled 20:4v6, clearly indicating that hydrogen is
not lost from the double bond. To determine if the ring
hydrogens rearrange, all-trans-18:3v3, all-cis-18:3v3,
and all-cis-18:3v6 were analyzed with acetonitrile-d3.
Table 3. MS/MS/MS data of the diagnostic ions observed for the diunsaturated FAME
Analyte CI reagent Second generation ions (m/z)
18:2v6 Acetonitrile 94 108 120 134 148
18:2v6 Acetonitrile-2-13C 96 110 122 136
18:2v6 Acetonitrile-d3 112 124 138 152
18:2v6-d4 Acetonitrile 96–97 110 124 137–138
Figure 4. Proposed CI-MS/MS/MS fragmentation mechanisms of the diagnostic ions for the diene
FAME. Evidence for a prominent alkene series was obtained. The charge-remote fragmentation
pathway forms the alkenes occurring though either (A) a 1,4-H2 elimination or (B) though a diradical
intermediate. In addition, a 1,4-H2 elimination followed by a diradical intermediate (C) explains the
ions observed at m/z 94 and 108. Plausible structures of the observed second generation ions are listed
(D).
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As shown in Table 1, extensive H/D exchange occurred
precluding an unambiguous interpretation, but indicat-
ing that the MIE–FAME condensation and/or fragmen-
tation of the resulting (M 1 54)1 ions is charge driven.
Consequently the possibility of a hydrogen atom rear-
rangement originating from the MIE moiety cannot be
ruled out. Polyene FAME with D labeling at the allylic
sites was not available and thus allylic H was not tested.
Therefore the hydrogen lost could originate from either
the reagent ion or from an allylic carbon.
Figure 5 shows proposed fragmentation mechanisms
of polyene FAME. After cycloaddition, collisional acti-
vation of the MIE–FAME complex ion results in the
same sequence of reactions observed in the methylene-
interrupted-diene mechanism of Figure 4. The two
mechanisms then deviate because the additional double
bond in the polyene case prevents cleavage from occur-
ring. After ring closure one additional rearrangement
takes place: a hydrogen on the four-membered ring
originating from the reagent ion is transferred to the
hydrocarbon end of the FAME and is carried by the
neutral once cleavage occurs, explaining how the diag-
nostic ions of polyene FAME are 1 u lower than
expected. Since diagnostic ions 1 u lower than expected
are never observed in the diene case, Figure 5 is unique
for FAME containing three or more double bonds. Once
again, the proposed a diagnostic ion is a stable nitrogen
cation, 7-(6-methoxycarbonyl-hex-2-enyl)-2-methylene-
1-azonia-bicyclo[4.2.0]octa-1(8),3-diene. The corre-
sponding v diagnostic ion is 2-methylene-7-oct-2-enyl-
1-azonia-bicyclo[4.2.0]octa-1(8),3-diene.
MS/MS/MS experiments were conducted to verify
the proposed structure of the a and v diagnostic ions in
polyene FAME. The masses of the second generation
product ions for several polyunsaturated FAME are
listed in Table 4. Similar to monoenes, evidence of both
an alkane and an alkene ion series is present. The
plausible fragmentation pathways are once again either
a 1,4-H2 elimination or via a diradical intermediate to
yield the alkene series, and a diradical intermediate for
the alkane series, as displayed in Figure 6. Figure 6B, C
suggests a 1,4-H2 elimination followed by charge-re-
mote fragmentation. The proposed mechanisms in Fig-
ure 6 predict that many of the second generation ions
could have more than one structure; some of the plau-
sible structures are displayed.
Acetonitrile-2-13C was used as the liquid CI reagent
to analyze 18:3v6 to help confirm the proposed struc-
ture of the diagnostic ions. Table 4 displays that once
again the second generation product ions all increased
by 2 u, indicating that these two carbon atoms from the
reagent ion are conserved in the diagnostic ion, which is
in agreement with the predicted structure.
Figure 5. Proposed mechanisms for polyene FAME, represented
by the fragmentation pathway for 20:4v6. After the MIE reagent
ion adds across a double bond, a series of charge-driven rear-
rangements, similar to those of the diene case, are observed.
However, the presence of an additional double bond prevents
cleavage similar to the diene case. Instead, following the ring
closure reaction an additional rearrangement takes place in which
a hydrogen on an MIE ring carbon atom is transferred to the
hydrocarbon moiety and is carried by the neutral once cleavage
occurs.
Table 4. MS/MS/MS data of the diagnostic ions for several polyunsaturated FAME
Analyte CI reagent Second generation ions (m/z)
18:3v6 Acetonitrile 106 118 120 132 146 160
18:3v6 Acetonitrile-2-13C 108 120 122 134 148
18:3v6 Acetonitrile-d3 120–123 134–138 148–151
20:4v6 Acetonitrile 106 118 132 144 146 160
20:4v6-d8 Acetonitrile 122 135–136 150–151 164–165
20:5v3 Acetonitrile 118 132 144 146 158 172 184 186
22:6v3 Acetonitrile 118 132 144 146 158 170 172 184 186
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H/D exchange occurred to a substantial extent in all
the polyene FAME D-labeling experiments. When ace-
tonitrile-d3 was used as a CI reagent, as with the
monoene case, the specific masses of the second gener-
ation product ions, listed in Table 4, produced a range
of masses that did not uniquely identify the rearranged
H. In another MS/MS/MS experiment, 20:4v6-d8 was
analyzed with unlabeled acetonitrile. If the proposed
structures of the second generation ions are correct,
using 20:4v6-d8 should result in m/z 118 to be increased
by 3 u, m/z 132 to be increased by 3 u, m/z 146 to be
increased by 5 u, and m/z 160 to be increased by 6 u.
Once again H/D exchange prevented exact masses of
the second generation ions from being assigned. The
ranges of masses of the second generation ions ob-
served are also in Table 4. Although the data could not
be used to confirm the proposed structures, they do
confirm the charge-driven character of the condensa-
tion/initial fragmentation.
One additional experiment was carried out to more
closely investigate the role of bond strain and the
hydrogen atoms located on the carbons involved in a
double bond. Methyl 5,8,11,14-eicosatetraynoate was
analyzed by acetonitrile CI-MS/MS. A product ion at
(M 1 54)1 formed readily, however upon collisional
dissociation this ion produced a nonspecific ion series
with no diagnostic ions (spectrum not shown). Frag-
mentation according to the mechanism of Figure 5
predicts that methyl eicosatetraynoate would proceed
through a highly unstable intermediate with the four-
membered ring containing two double bonds. The
failure to observe diagnostic product ions for this
analyte is consistent with the complex mechanism.
Conclusion
Plausible mechanisms for the addition of MIE to unsat-
urated FAME and the subsequent CID of the conden-
Figure 6. Proposed CI-MS/MS/MS mechanisms of the diagnostic ions for the polyene FAME. Both
an alkane and alkene ion series are observed. In order to account for all the second generation ions
observed, either a 1,4-H2 elimination or a reaction through a diradical intermediate to form alkanes
and alkenes can occur directly from the diagnostic ion (A). Alternatively a 1,4-H2 elimination could
occur first and then subsequent 1,4-H2 elimination or a reaction though a diradical intermediate could
occur (B and C). Plausible structures of the second generation ions are listed (D). For several of these
ions, the proposed mechanisms predict more than one isomeric product ion.
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sation product to yield diagnostic ions are presented.
[2 1 2] Cycloaddition of MIE with a double bond to
form a heterocyclic four-membered ring is directly
analogous to the well-known reactions of ketenes, vinyl
methyl ether, and vinylamine. The H/D exchange ob-
served for acetonitile-d3 reagent and for D-labeled
FAME analyzed with unlabeled acetonitrile provided
evidence of a charge-driven mechanism for the conden-
sation reaction and/or CID fragmentation of (M 1
54)1. Collisional dissociation of the diagnostic ions
appears to be charge-remote. Evidence for this type of
mechanism include (1) abundant fragmentation along
the alkyl chain creating either an alkene, or an alkene
and alkane ion series, which have thermal analogs [35],
(2) the loss of methanol at the opposite end of the a
diagnostic ion from the N, the likely site of charge
residence, and (3) that a 1,4-H2 elimination explains the
opening of the four-membered ring to produce the
smaller mass second generation ions in the diene and
polyene cases. Charge-remote fragmentation involving
a 1,4-H2 elimination and/or a diradical intermediate are
both plausible mechanisms that account for the MS/
MS/MS and isotopic labeling data.
Acknowledgments
We thank Athula Attygalle for the kind gift of 9-cis-octadecene
acid - 11,11,12,12,13,13,14,14,15,15,16,16,17,17,18,18,18 - d17. This
work was supported by NIH grant GM49209.
References
1. Van Pelt, C. K.; Brenna, J. T. Anal. Chem. 1999, 71, 1981–1989.
2. Oldham, N. J.; Svatos, A. Rapid Commun. Mass Spectrom. 1999,
13, 331–336.
3. Gray, G. A. J. Am. Chem. Soc. 1968, 90, 6002–6008.
4. Heerma, W.; Sarneel, M. M.; Dijkstra, G. Org. Mass Spectrom.
1986, 21, 681–687.
5. Wincel, H. Int. J. Mass Spectrom. Ion Processes 1998, 175,
283–291.
6. Wincel, H.; Fokkens, R. H.; Nibbering, N. M. M. Int. J. Mass
Spectrom. Ion Processes 1990, 96, 321–330.
7. Wincel, H.; Wlodek, S.; Bohme, D. K. Int. J. Mass Spectrom. Ion
Processes 1988, 84, 69–87.
8. Bortolini, O.; Pandolfo, L.; Tommaselli, C.; Traldi, P. Rapid
Commun. Mass Spectrom. 1998, 12, 1425–1428.
9. Moneti, G.; Pieraccini, G.; Favretto, D.; Traldi, P. J. Mass
Spectrom. 1998, 33, 1148–1149.
10. Moneti, G.; Pieraccini, G.; Dani, F.; Turillazzi, S.; Favretto, D.;
Traldi, P. J. Mass Spectrom. 1997, 32, 1371–1373.
11. Bartlett, P. D. Pure Appl. Chem. 1971, 27, 597–609.
12. Bowers, M. T.; Elleman, D. D.; O’Malley, R. M.; Jennings, K. R.
J. Phys. Chem. 1970, 74, 2583–2589.
13. Ferrer-Correia, A. J.; Jennings, K. R. Int. J. Mass Spectrom. Ion
Phys. 1973, 11, 111–126.
14. Bowers, M. T.; Aue, D. H.; Elleman, D. D. J. Am. Chem. Soc.
1972, 94, 4255–4261.
15. Chai, R.; Harrison, A. G. Anal. Chem. 1981, 53, 34–37.
16. Ferrer-Correia, A. J. V.; Jennings, K. R.; Sen Sharma, D. K. Adv.
Mass Spectrom. 1978, 7, 287–294.
17. Bouchoux, G.; Penaud-Berruyer, P. Org. Mass Spectrom. 1993,
28, 271–278.
18. Bouchoux, G.; Penaud-Berruyer, F. Org. Mass Spectrom. 1994,
29, 366–371.
19. Gross, M. L. Adv. Mass Spectrom. 1988, 11A, 792–811.
20. Adams, J. Mass Spectrom. Rev. 1990, 9, 141–186.
21. Adams, J.; Gross, M. L. J. Am. Chem. Soc. 1989, 111, 435–440.
22. Jensen, N. J.; Tomer, K. B.; Gross, M. L. J. Am. Chem. Soc. 1985,
107, 1863–1868.
23. Cordero, M. M.; Wesdemiotis, C. Anal. Chem. 1994, 66, 861–
866.
24. Wysocki, V. H.; Ross, M. M. Int. J. Mass Spectrom. Ion Processes
1991, 104, 179–211.
25. Contado, M. J.; Adams, J.; Jensen, N. J.; Gross, M. L. J. Am. Soc.
Mass Spectrom. 1991, 2, 180–183.
26. Claeys, M.; Nizigiyimana, L.; Van den Heuvel, H.; Derrick,
P. J. Rapid Commun. Mass Spectrom. 1996, 10, 770–774.
27. Claeys, M.; Nizigiyimana, L.; Van den Heuvel, H.; Vederni-
kova, I.; Haemers, A. J. Mass Spectrom. 1998, 33, 631–643.
28. Gross, M. L. Int. J. Mass Spectrom. Ion Processes 1992, 118/119,
137–165.
29. Cheng, C.; Pittenauer, E.; Gross, M. L. J. Am. Soc. Mass
Spectrom. 1998, 9, 840–844.
30. Whalen, K.; Grossert, J. S.; Curtis, J. M.; Boyd, R. K. Int. J. Mass
Spectrom. Ion Processes 1997, 160, 223–240.
31. Morrison, W. R.; Smith, L. M. J. Lipid Res. 1964, 5, 600–608.
32. Corso, T. N.; Van Pelt, C. K.; Brenna, J. T. Anal. Chem. 1998, 70,
1030–1032.
33. Ferrer-Correia, A. J.; Jennings, K. R.; Sen Sharma, D. K. Org.
Mass Spectrom. 1976, 11, 867–872.
34. Harrison, A. G. Chemical Ionization Mass Spectrometry, 2nd ed.;
CRC: Boca Raton, 1992.
35. Corso, T. N.; Brenna, J. T. Proc. Natl. Acad. Sci. 1997, 94,
1049–1053.
1262 VAN PELT ET AL. J Am Soc Mass Spectrom 1999, 10, 1253–1262
